
S
D
A
J
R

B

M

R

C

C
m
s
l
t
h
m
t
T

F
l
N
d

O

P

C
c
r
C
T
j

MECHANICAL CIRCULATORY SUPPORT
arcomeric Genes Involved in Reverse Remodeling of the Heart
uring Left Ventricular Assist Device Support

mélie Rodrigue-Way, MS,a Daniel Burkhoff, MD, PhD,b Bard J. Geesaman, MD, PhD,c Serge Golden, BS,a

ian Xu, MD,a Matthew J. Pollman, MD,a Mary Donoghue, BS,a Raju Jeyaseelan, PhD,a Steven Houser, PhD,d

oger E. Breitbart, MD,a Andrew Marks, MD,b and Susan Acton, PhDa

ackground: Left ventricular assist devices (LVADs) implanted in patients with severe congestive heart failure
(CHF) as a bridge to transplantation have been shown to reverse chamber enlargement, regress
cellular hypertrophy, and increase contractility. The purpose of this study was to gain a better
understanding of the molecular changes associated with increased contractility after LVAD support.

ethods: We took tissue sections from the left ventricular apex of 12 patients with CHF who were undergoing
LVAD insertion (pre-LVAD) and from the LV free wall of those same patients before transplantation
(post-LVAD). To control for sample-site differences, we obtained samples from the same regions in
7 patients with CHF who were undergoing transplantation without LVAD support and in 4 non-
failing donor hearts. Gene expression was then probed on a custom DNA array containing 2,700
cardiac-enriched cDNA clones.

esults: Calcium-handling genes were up-regulated by LVAD support, as previously reported. Sarcomeric
genes were the other principle class of genes up-regulated by LVAD support, consistent with a
possible restoration of sarcomere structure in reverse ventricular remodeling. However, a decrease
in the fibrous component of the myocardium, also potentially involved in reverse remodeling, was
not evident at the level of gene transcription because fibroblast markers were either unchanged or
up-regulated. The remaining regulated genes did not fall into any defined functional class.

onclusions: Changes in the regulation of sarcomeric, calcium-handling, and fibroblast genes during LVAD
support indicate a cardiac molecular adaptation to mechanical unloading. These molecular changes
may play a role in the observed increase in contractile function during reverse remodeling. J Heart
Lung Transplant 2005;24:73–80. Copyright © 2005 by the International Society for Heart and Lung

Transplantation.
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ongestive heart failure (CHF) represents the final
anifestation of a number of cardiovascular diseases,

uch as ischemic heart disease, hypertension, valvu-
ar lesions, primary cardiomyopathies, and viral infec-
ions. Cardiac remodeling occurs during progressive
eart failure and involves adverse changes at the
olecular, cellular, and interstitial level that result in

he alteration of heart size, shape, and function.
hese changes include hypertrophy, chamber dila-
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ion, wall thinning, hypocontractile function, myofi-
rillar disarray, and increased fibrosis, all of which
ompromise cardiac function.
Reverse remodeling in turn is defined as a decrease

n left ventricular (LV) chamber dimension and im-
roved function.1 During support of critically ill
atients with left ventricular assist devices (LVADs),
he decrease in ventricular pressure and volume load
esults in a reversal of chamber enlargement, normal-
zation of cardiac structure,1–3 and improved myo-
yte function.4,5 Studies have shown a decrease in
euroendocrine activation during LVAD support, in-
luding a decrease in angiotensin II, plasma epineph-
ine, norepinephrine, and arginine vasopressin levels,
nd plasma renin activity.6 Tumor necrosis factor-�
rotein, increased in heart failure, also is decreased

n the myocardium after LVAD support.7,8 Numerous
ther studies have reported down-regulation of natri-
retic factors,9,10 up-regulation of calcium-handling
roteins,5,11,12 reversal of the down-regulation of
-adrenergic receptors associated with heart fail-
re,13 and down-regulation of matrix metalloprotein-

ses.14 Because of the documented dramatic changes

73
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n cardiac geometry and the increase in contractile
unction after LVAD support,4,5 we hypothesized that
dditional transcriptional changes would participate
n this reverse-remodeling process.

ETHODS
eart and Tissue Harvest

nder protocols approved by the institutional review
oards of the New York Presbyterian Hospital and
emple University, we used for this study LV myo-
ardium obtained from 19 patients with end-stage
eart failure (CHF) and myocardium from 4 non-
ailing donor hearts. Of the CHF hearts, 12 had been
upported with LVADs for an average of 59.7 � 36.1
range, 17–120) days. The non-failing hearts were
nsuitable for transplantation for various reasons
nrelated to hypertrophy. For patients with LVAD
upport, insertion and operation of the devices
Heartmate I, Thoratec; Woburn, MA) was performed
s previously described.15 We excluded regions of
pparent infarct during sampling. Inflow to the LVAD
s provided through a conduit inserted into the LV
hrough an �1-inch hole made in the apex. All
amples were taken transmurally so that endocardial
nd epicardial differences would not contribute to
he differences seen here. Tissue removed in making
his hole was immediately frozen in liquid nitrogen
nd subsequently used for “pre-LVAD” analyses. At
he time of transplantation, all hearts were perfused
ith 4°C hypocalcemic, hyperkalemic cardioplegia

olution. Tissue taken after LVAD support and re-
oval of the heart for transplantation was from the

V free wall (post-LVAD sample). To determine po-
ential regional differences in gene expression unre-
ated to LVAD support, we analyzed free-wall and
pex samples for gene expression levels from pa-
ients with CHF who were undergoing transplanta-
ion without LVAD support. In all cases, we froze
issue samples in liquid nitrogen immediately after
xcision. Normal human left ventricular cardiomyo-
ytes and cardiofibroblasts were isolated as previ-
usly described.16 Total RNA was extracted using
NA-STAT (Tel-test; Friendswood, TX).

DNA Array Construction, Hybridization, and Data
nalysis

acterial cultures of 2,700 cDNA pre-selected clones
rom 2 heart libraries, 1 heart subtracted library,
arious IMAGE clones (ResGen, an Invitrogen Corpo-
ation; Huntsville, AL), and 300 other relevant known
ene clones were consolidated into 96-well plates.
e performed custom array preparation, sequence

erification, hybridization of labeled probes, and all
ubsequent data capture as previously described.17
riefly, 33P-labeled cDNA was generated from total a
NA17 and hybridized to triplicate nylon arrays con-
aining spotted polymerase-chain-reaction products.
fter hybridization and washing, we detected the
ignals using a phosphoimager and digitized signals
sing data-capture software. To normalize expression
istributions across arrays, we transformed the data
sing a moving window that mean-normalized the
xpression levels within ranked bins of 100 clones.
e used a permutation test that incorporated a global

oise model to score each clone for statistical signif-
cance. To construct the global noise model, expres-
ion data were partitioned into ranked bins, based on
he clone mean-expression level. We used a function
elating expected variance to mean expression level
s the global noise model. For each clone in each set
f comparisons, the means of the samples compared
ere subtracted pair-wise. We determined within-

roup variance for each clone to model local noise of
he data. To improve the accuracy of the noise
stimation, we combined local and global expected
ariance estimates in a weighted function (0.8 and
.2, respectively.) For each test, 100 random permu-
ations (permuted across arrays) of the data were
onstructed for comparison with the observed data.
e calculated the test statistic as the ratio of the

ifference of means and the combined noise esti-
ates. For each of these 100 randomized data sets, a

est statistic for each clone was computed, as was
omputed for the original data. For each clone, by
omparing observed randomized data, we obtained
alse-positive rates as described elsewhere.18 Pair-
ise comparisons within the same patient were

hosen to eliminate as many variables as possible. To
etermine fold change, we calculated the post/pre or
ree-wall/apex ratio for each patient and determined
he median of all fold changes in each group. For
enes that were represented by more than 1 clone,
e report the median fold change and an adjusted p

alue.
To address the reproducibility of the results, we

erformed a transcription-profiling study of a smaller
re- and post-LVAD group and obtained results similar
o the those presented here.

lot Blot Northern Confirmation

e confirmed regulation using a slot blot Northern
nalysis. A dilution series of total RNA (1.8 �g–28 ng)
as loaded directly onto a nylon membrane using a slot
lot apparatus. The membrane was then pre-incubated
ith a sodium dodecylsulfate/Triton X-100–based ny-

on wash solution for 4 hours at 65°C and then hybrid-
zed overnight with a 33P-labeled probe. After washing,
he blot was exposed to a phosphoimager screen for 4
o 64 hours, depending on intensity detection levels,

nd then quantitated with a phosphoimager apparatus.
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he signal was normalized against the signal from the
ame blot hybridized with total heart cDNA probe. The
pecific signal was determined in the linear range of the
urve.

ESULTS

o better understand the underlying molecular changes
esulting in increased cardiac contractility during LVAD
upport, we examined gene-expression changes in sam-
les from 12 patients receiving LVAD support. Table 1
hows demographic data. The cause of heart failure was
redominantly ischemic heart disease, and the average

ength of support was 59.7 days, ranging from 17 to 120
ays. Hemodynamic data were collected from all pa-
ients, under anesthesia, at the time of heart transplan-
ation or LVAD insertion. Compared with patients un-
ergoing primary transplantation, patients requiring
VAD support had decreased ejection fractions, in-
reased right-sided pressures, and trends toward lower
ardiac outputs and blood pressures at implantation.
he LVAD support decreased central venous and pul-
onary artery pressures, improved cardiac output, and
as accompanied by marked decrease in the need for

ntravenous inotropic agents, dopamine, and diuretics.
ll patients with LVAD support received inotropic

able 1. Patient Characteristics, Hemodynamics, and Medication Use

M

umber of patients
ge
ale/female

CM/DCM
uration of LVAD support (days)
jection fraction (%)
entral venous pressure (mean, mm Hg)
ulmonary artery pressure (mean, mm Hg)
ulmonary artery diastolic pressure (mean, mm Hg)
ean arterial pressure (mm Hg)
ardiac output (liter/min)
edications
Inotrope (dobutamine/milrinone)
Dopamine
�-Blockers
ACE-Inhibitors
Diuretic
Aldactone
Digoxin
Amiodorone
Lidocaine

ABP

p � 0.05 vs LVAD implantation; †p � 0.05 vs transplantation in medically su
LVAD, left ventricular assist device; N/A, not applicable; ICM, ischemic cardio

CE, angiotensin-converting enzyme.
upport at the time of implantation. 1
We used total RNAs from the samples to prepare cDNA
robes that were then hybridized to a cardiac-enriched
DNA array containing 2,700 clones. Despite dramatic
linical changes (e.g., improved cardiac output), the larg-
st observed change in gene expression was just 1.61-fold,
� 0.001 (post-/pre-LVAD) for FHL-2 (Four and a half LIM
omains protein 2, Genbank #U29332). The gene that was
he most transcriptionally down-regulated was lipoprotein
ipase (Genbank #M15856, 0.63-fold, p � 0.005, post-/pre-
VAD). Overall, we found 211 clones to be regulated in
VAD support (�20% change with p � 0.05).
To validate this experiment, we examined the ex-

ression of genes previously shown to be regulated by
VAD support. As expected, we noted a change in
alcium-handling gene expression. Sarco(endo)plasmic
eticulum Ca2�-ATPase mRNA was up-regulated by
VAD support (post-/pre- LVAD � 1.29-fold, p �
.0001, by micro-array and 1.21-fold by slot blot North-
rn, data not shown), consistent with published re-
orts.5,11 Although the up-regulation of the ryanodine
eceptor 2 is small (post-/pre-LVAD � 1.10, p � 0.001,
ata not shown), its regulation also is consistent with
revious reports.5

We observed a global increase in the mRNA levels of
arcomeric proteins as a result of LVAD support (Figure

al support
nsplant

LVAD Support

Implant Transplant

7 12
.4 � 6.1 54.0 � 9.9

6/1 12/0
6/1 8/4
N/A 59.7 � 36.1
0 � 9 13 � 2†(n � 11) N/A
6 � 7 17 � 5† 9 � 5*
6 � 13 41 � 7† 22 � 9*
8 � 9 31 � 7† 15 � 7*
0 � 15 75 � 9 83 � 11
.7 � 0.8 3.3 � 0.7 3.8 � 0.5*

(3/4) 12 (10/8) 2 (1/1)
2 7 2
3 2 1
4 8 6
7 12 4
5 3 0
5 7 2
0 4 3
0 1 0
0 3 0

orted transplant recipients.
pathy; DCM, idiopathic dilated cardiomyopathy; IABP, intraaortic balloon pump;
edic
Tra
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2
1
8
3

5

pp
myo
and Table 2). For example, cardiac beta-myosin heavy
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hain (�-MHC) was 1.32-fold greater in post- vs pre-
VAD samples (14 independent elements on the array,
� 0.001, Figure 1A). Up-regulation of �-MHC expres-

ion also was detected in a 2nd independent-array
xperiment and confirmed by slot blot Northern analy-
is (1.27-fold, data not shown). Figure 1C and D shows
6 other sarcomeric genes regulated by LVAD support.
f the sarcomeric genes, troponin-T isoform TnT2
emonstrated the most dramatic change (post-/pre-
VAD � 1.40, p � 0.001). Of the sarcomere-associated
enes, only calsarcin-1, a calcineurin-binding protein,
as down-regulated with LVAD support.
The current study was not designed to differentiate

etween LVAD-induced changes in ischemic vs non-
schemic cardiomyopathy. However, we did examine
he pattern of sarcomeric gene expression in these 2
VAD groups. Although 3 of 4 patients with idiopathic
ilated cardiomyopathy showed a decrease in �-MHC

igure 1. Sarcomeric gene expression differences in pre–left ventricula
eart failure (CHF) samples. Distribution of the relative intensity leve
amples (A, B). The graphs represent the relative intensity of a single c
nd the adjusted p value for all clones on the array associated with thi
groups according to their direction of change: C) genes expressed a

he non-LVAD CHF group, and D) genes expressed at lower levels in
ebulette, MyBP-C, and skeletal and cardiac alpha-actin were not regu

roponin I isoforms TnI1 and 2, �-actinin, tropomodulin, capZ, a
ardiomyopathy who received LVAD support. ALC, atrial embryonic my
-CK, creatine kinase M chain; post-, after LVAD support; pre-, before

M, tropomyosin; VLC, ventricular myosin alkali light chain.
xpression after LVAD support, many of the other g
arcomeric genes were up-regulated in these samples,
nd we observed no obvious pattern difference be-
ween the ischemic and idiopathic dilated cardiomyop-
thy LVAD groups. Overall, this global increase in
arcomeric gene expression is consistent with reverse
olecular remodeling of the sarcomere.
A possible alternative hypothesis is that apparent gene

egulation in pre- vs post- LVAD samples may be caused by
egional differences in gene expression, given that these
amples were obtained from the left ventricular apex vs
he free wall, respectively. To test this, we also evaluated
ach of the genes in a non-LVAD CHF group of hearts from
hich both apex and free-wall samples were obtained

imultaneously (Figure 1B, Table 2). Of all the sarcomeric
enes examined, we found only 1 with greater expression
n the free wall than in the apex in the non- LVAD group.
or example, �-MHC levels were not significantly different
n the free wall than in the apex of the non-LVAD CHF

ssist device (LVAD) and post-LVAD support and in non-LVAD congestive
f beta-myosin heavy chain (�-MHC) across individual paired patient
e. The fold change and the p value represent the median fold change
ne. Significant expression differences (p � 0.05) were separated into

eater levels in post-/pre-LVAD or at greater levels in free wall/apex in
t-/pre-LVAD or at smaller levels in free wall/apex in the CHF group.

d by LVAD support. The following genes were not present on the array:
smooth muscle alpha-actin. *Samples from patients with dilated

n alkali light chain; FW, free wall; NF, non-failing; n.s., not significant;
AD support; SMHCE, embryonic myosin heavy chain skeletal muscle;
r a
ls o
lon

s ge
t gr
pos

late
nd
osi

LV
roup (Figure 1B), but were greater in the post-LVAD
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ree-wall sample than in the pre-LVAD core (apex) sample
Figure 1A). These findings show, therefore, that the
p-regulation of sarcomeric genes observed in patients
ith LVAD support is not caused by underlying regional
ifferences in expression.
Titin was the single gene that seemed to have greater

xpression in the non-LVAD free wall vs the apex.
owever, expression seemed unchanged in the LVAD
roup, indirectly suggesting that LVAD support might
ave down-regulated the levels of titin in the ventricle.
everal other sarcomeric genes were expressed at
ower levels in the free wall vs the apex in the
on-LVAD group but seemed unchanged in the LVAD
roup. This suggests that LVAD support might also have
ncreased the levels of those sarcomeric genes, but

able 2. Regulation of Sarcomeric Genes

enBank# mRNA

74819 Troponin T, cardiac muscle (TnT2)
58018 Cardiac beta-myosin heavy chain (�-MHC)
07897 Troponin C, slow skeletal and cardiac muscles (cTnC)
24122 Ventricular myosin alkali light chain (VLC-1)
J010063 Telethonin (titin cap protein)
54163 Troponin I, cardiac muscle (Tnl3)
94547 Atrial myosin light chain 2 (ALC-2)
21984 Troponin-T beta isoform, fast skeletal muscle (TnT3)
12126 Beta-tropomyosin
14780 Creatine kinase M chain (M-CK)
19308 Troponin T, slow skeletal muscle (TnT1)
F111785 Myosin heavy chain IIx/d (MHC IIx/d) (sk.muscle)
36172 Atrial embryonic myosin alkali light chain (ALC-1)
19713 Alpha-tropomyosin (�-TM)
51593 Embryonic myosin heavy chain (SMHCE) (sk.muscle)
66141 Ventricular myosin light chain 2 (VLC-2)
C005195 Calcineurin-binding protein calsarcin-1
22920 Myosin alkali light chain, smooth muscle (MLC-1sm)
69090 Myomesin 1 (190 kd titin-associated protein)
07898 Troponin C, fast skeletal muscle (TnC)
90569 Titin
54304 Myosin regulatory light chain (MRLC) non-sarcomeric 20
47647 Creatine kinase B chain (B-CK)

HF, congestive heart failure; LVAD, left ventricular assist device; FW, free wa

able 3. Gene Expression Changes of Cardiofibroblast Markers in LV

enBank# mRNA

Relative
intensity
in GM

Relative
intensity

in CF

14750 Connective tissue
growth factor

0.94 51.89

02761 Fibronectin 1.91 89.76
06700 Pro-alpha1(III) collagen 0.72 14.36
03040 Osteonectin 1.71 30.12
HF, congestive heart failure, CF, cardiofibroblasts; CM, cardiomyocytes; FW, free
hese changes may have been masked by regional
ifferences in expression.
Another alternative hypothesis is that apparent gene

egulation in pre- vs post-LVAD samples may be caused by
hanges in the cellular content of the myocardium, par-
icularly because reverse remodeling may involve changes
n the fibrous component of this tissue. To test this, we
dentified cellular markers of cardiofibroblasts, the most
revalent cell type other than cardiomyocytes by hybrid-

zing cDNA from isolated human cardiofibroblasts and
ardiomyocytes to the array and then selected genes that
ad an increased cardiofibroblast-to-cardiomyocyte ratio
Table 3). Not surprisingly, 4 of the most cardiofibroblast-
nriched genes were connective tissue growth factor,
bronectin, alpha(III) collagen, and osteonectin, in which

Number of
elements
on array

Fold change
post/pre-

LVAD p value

Fold change
FW/Apex-

CHF p value

2 1.40 �0.001 0.91 0.014
14 1.32 �0.001 1.00 n.s.

1 1.31 0.001 0.90 n.s.
1 1.23 0.001 0.83 n.s.
4 1.15 �0.001 1.03 n.s.
1 1.15 �0.001 0.97 n.s.
2 1.21 0.002 1.01 n.s.
1 1.18 0.005 0.94 n.s.
1 1.08 0.005 0.98 n.s.
1 1.18 0.007 1.22 n.s.
1 1.15 0.008 0.97 n.s.
1 1.19 0.023 0.99 n.s.
2 1.04 0.034 0.88 0.042

11 1.13 0.036 0.79 �0.001
1 1.13 0.039 1.01 n.s.

16 1.14 0.044 0.72 0.062
2 0.90 0.048 0.94 n.s.
3 1.06 n.s. 0.88 �0.001
2 1.12 n.s. 0.84 0.002
1 1.08 n.s. 0.83 0.008
6 1.00 n.s. 1.17 0.017

20 0.81 n.s. 0.90 0.070
1 0.96 n.s. 1.17 n.s.

.s., not significant.

and CHF Groups

CF/CM

Fold change
post/pre-

LVAD p value

Fold change
FW/apex-

CHF p value

55 1.17 0.045 0.70 0.008

47 0.79 0.024 0.78 0.003
20 1.18 0.044 0.89 n.s.
18 1.05 n.s. 0.77 0.006
kd
AD
wall; LVAD, left ventricular assist device; n.s., not significant.



t
t
a
f
l
w
p
s
T
e
b
b
t
m

m
c
t
o

a

s
n
(
s
f
s
b
w
a
r
n
s
a

D

P
i
r
s
t

F
A
r
d
L su

78 Rodrigue-Way et al. The Journal of Heart and Lung Transplantation
January 2005
he cardiofibroblast-to-cardiomyocyte ratio was 	18. We
hen evaluated expression of these markers in the LVAD
nd non-LVAD CHF samples. Connective tissue growth
actor, alpha(III) collagen, and osteonectin were up-regu-
ated after LVAD support in all but 1 heart (Patient 1, in

hom the fibroblast markers were greater in the pre- vs
ost-LVAD sample, possibly because of increased fibrous
car in the LVAD insertion site sample, data not shown).
herefore, the observed increase in sarcomeric gene
xpression was not caused by a decrease in the cardiofi-
roblast-to-cardiomyocyte content. On the contrary, fibro-
last gene expression increased, raising the possibility that
he actual magnitude of sarcomeric gene up-regulation
ay have been even greater than observed in this study.
We also compared the expression of these fibroblast
arker genes in the ischemic vs idiopathic dilated

ardiomyopathy samples and found no differences in
he apparent fibroblast content between the 2 groups
f patients (data not shown).
Previous studies have shown that natriuretic proteins

igure 2. BNP and ANF message levels across individual paired patie
NF (B, D) across individual paired patient samples. The graphs represe
epresent the median fold change and the adjusted p value for all clo
ilated cardiomyopathy who received LVAD support. ANF, atrial natriu
VAD, left ventricular assist device; NF, non-failing; post-, after LVAD
nd their corresponding mRNAs decrease after LVAD L
upport.9,19,20 In this study, the mRNA of both brain
atriuretic peptide (BNP) and atrial natriuretic factor
ANF) were less in the post-LVAD than in the pre-LVAD
amples, but surprisingly they were also less in the
ree-wall vs the apex of non-LVAD samples (Figure 2),
uggesting that neither may have been truly regulated
y LVAD support. This regional expression difference
as confirmed by slot blot Northern analysis (freewall/

pex � 0.39-fold and 0.76-fold for ANF and BNP,
espectively, data not shown). The findings for the
atriuretic genes contrasts to what was seen for the
arcomeric genes, in which expression did seem to be
ffected by LVAD support.

ISCUSSION

revious studies have shown that hemodynamic unload-
ng of the failing heart leads to a decrease in heart size and
egression in myocyte hypertrophy,1,21,22 although 1
tudy demonstrated a slight increase in myocyte diame-
er.2 Histologic changes also have been observed after

samples. Distribution of the relative intensity levels of BNP (A, C) and
the relative intensity of a single clone. The fold change and the p value
on the array associated with this gene. *Samples from patients with

ic factor; BNP, brain natriuretic factor; CHF, congestive heart failure;
pport; pre-, before LVAD support.
nt
nt

nes
ret
VAD support, including improved fiber orientation and
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ecreased contraction band necrosis.3 Only a small num-
er of molecular changes that accompany these structural
hanges are known. In the current study, we examined
ene changes caused by LVAD support to gain a better
nderstanding of reverse remodeling. The goal of this
tudy was to find gene-expression changes caused by
VAD support, and although our patient group size is
arger than in some previous studies, it is still too small to
ompare changes in the ischemic vs dilated cardiomyop-
thy LVAD groups. A total of 17 sarcomeric genes were
ignificantly up-regulated despite a reported decrease in
eart size with LVAD support. Because myocyte hypertro-
hy generally is thought to be decreased by LVAD sup-
ort, one might expect that total sarcomeric content
ould decrease. However, the levels of sarcomeric gene

xpression in this study reflect a change in concentration,
ot in absolute amount, of sarcomeric mRNA. The in-
rease in the concentration of sarcomeric gene expression
as not caused by a decrease in fibroblast content,
ecause fibroblast marker expression levels were not
ecreased in these samples. In fact, 3 of 4 markers

ncreased, suggesting either an increase in fibroblast con-
ent or other participation of fibroblasts in the remodeling
rocess. In either case, this would cause a blunting of the
bserved regulation of the sarcomeric genes because of
he nature of the transcription-profiling methodology. If
arcomere turnover is an integral part of reverse ventric-
lar remodeling, it would be consistent with a need for an

ncrease in relative sarcomeric mRNA content. This fits
ith previous data, because fiber orientation and the

mount of contraction band necrosis have been shown to
mprove.3 It is not yet known whether the impact of
VAD support on gene expression is because of improved
emodynamics, or possibly because of alterations in blood
ow to the cardiac tissue.
The finding that only 1 sarcomeric-associated gene,

alsarcin, was down-regulated during LVAD support
otentially is interesting because Frey et al23 have
roposed that calsarcin links calcineurin, a hypertro-
hic factor, to the contractile apparatus. If calsarcin is

nvolved in the activation of calcineurin, a decrease in
alsarcin levels during LVAD support may lead to
ecreased hypertrophy. The observed decreased hyper-
rophy seen in reverse remodeling supports this hy-
othesis.24

Contrary to previous reports, our findings suggest
hat neither ANF nor BNP mRNA levels are regulated by
he LVAD-support process. Although differential ex-
ression apparently occurs in the pre- (apex) vs post-
free-wall) LVAD samples, we found that this may be
ttributable to regional differences in the expression of
hese genes, rather than to true regulation in response
o LVAD support. However, these results are not nec-
ssarily inconsistent with reported decreases in serum

NF and BNP protein as a result of LVAD support25 d
ecause ANF and BNP are stored in regulated secretory
ranules and are released on stimulation.26,27 It would
ot be surprising that the serum levels of proteins
eleased from the regulated secretory pathway are at
est loosely associated with their message levels. Given
he extremely variable levels of expression of natri-
retic peptides among patients and within regions of
he heart, generalizations may not be possible.

ONCLUSIONS

eft ventricular assist device support has been shown to
esult in increased cardiac performance5 and increased
ontractility in isolated myocytes.4 The increased perfor-
ance may result from the reverse remodeling process,
hich currently is poorly understood. During the prepa-

ation of this manuscript, a report by Blaxall et al28

emonstrated changes in a number of genes pre- vs
ost-LVAD support, including changes in genes involved

n metabolism. Because of the difference in content of the
rrays, it is difficult to compare the studies. Our array was
maller in gene number, but was custom-built for cardiac
iscovery and thus may have allowed us to detect a global
hange in sarcomeric genes. We found significant in-
reases in the expression of numerous contractile proteins
s well as the known changes in calcium-handling genes.
e also noted the down-regulation of a gene that may be

ssociated with the initial hypertrophic response to heart
ailure. Our control experiments show that none of these
bserved changes are caused by regional differences in
xpression or by differences in cellular content of the
amples. In fact, the apparent modest yet significant
hanges in the numerous sarcomeric proteins may have
een blunted by a slight increase in fibroblast gene
xpression. The current study indicates that the reverse
emodeling of the heart associated with LVAD support is
ccompanied by molecular changes in the contractile
pparatus and that these changes are consistent with
mproved contractile band morphology3 and cardiac con-
ractility.4

IMITATIONS

he patients enrolled in this study were heterogeneous
n genetic background, environment, and medical treat-

ent. We attempted to control for some of the variabil-
ty by restricting our comparisons to paired samples
rom individuals. We also attempted to control for
egional differences in expression in the left ventricle
sing samples from patients with heart failure who
ere not subjected to LVAD support. However, these
atients are not as hemodynamically compromised as
re patients with LVAD support, and this may affect
ene expression in different regions of the heart. Also,
s with all LVAD studies, medications necessarily were

ifferent before and during LVAD support.
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